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Proximo-distal patterning geneseins are negative regulators that maintain the expression of homeotic genes and
affect cell proliferation. Pleiohomeotic (Pho) is a unique PcG member with a DNA-binding zinc ﬁnger motif
and was proposed to recruit other PcG proteins to form a complex. The pho null mutants exhibited several
mutant phenotypes such as the transformation of antennae to mesothoracic legs. We examined the effects of
pho on the identiﬁcation of ventral appendages and proximo-distal axis formation during postembryogen-
esis. In the antennal disc of the pho mutant, Antennapedia (Antp), which is a selector gene in determining leg
identity, was ectopically expressed. The homothorax (hth), dachshund (dac) and Distal-less (Dll) genes
involved in proximo-distal axis formation were also abnormally expressed in both the antennal and leg discs
of the pho mutant. The engrailed (en) gene, which affects the formation of the anterior–posterior axis, was
also misexpressed in the anterior compartment of antennal and leg discs. These mutant phenotypes were
enhanced in the mutant background of Posterior sex combs (Psc) and pleiohomeotic-like (phol), which are
another PcG genes. These results suggest that pho functions in maintaining expression of genes involved in
the formation of ventral appendages and the proximo-distal axis.
© 2008 Elsevier Inc. All rights reserved.Introduction
During Drosophila melanogaster development, the homeotic
genes of the Antennapedia complex (ANTP-C) and bithorax complex
(BX-C) are required to determine the identities of the different
segments and tissues (Prokop et al., 1998; DeFalco et al., 2004;
Emerald and Cohen, 2004; Gebelein et al., 2004). The homeotic
genes are transiently expressed by segmentation genes (Beinz and
Muller, 1995). Two groups of genes are required to maintain the
expression pattern of the homeotic genes. One group is the tri-
thorax group (trxG) genes, which positively regulate the expression
of the homeotic genes. The other group is the Polycomb group (PcG)
genes, which negatively regulate the expression of the homeotic
genes (Glicksman and Brower, 1990; Simon et al., 1992; Kwon et al.,
2003).
The 16 PcG genes have been identiﬁed using genetic or
biochemical screens based on the derepression of the homeotic
genes or the transformation of the legs. The PcG proteins function as
multimeric complexes (Reviewed in Otte and Kwaks, 2003; Kly-
menko et al., 2006). PcG-mediated repression requires the presenceocky19@snu.ac.kr (K.I. Jung),
S.H. Kim), jeonsh@snu.ac.kr
l rights reserved.of a cis-acting Polycomb response element (PRE) (reviewed in Satijn
and Otte, 1999). PREs are needed to both establish silencing and to
maintain the expression pattern of the homeotic genes throughout
most of the larval stage of development. PREs function as binding
sites for sequence-speciﬁc DNA-binding proteins (Brown et al., 1998;
Fritsch et al., 1999; Brown et al., 2003; Wang et al., 2004; Klymenko
et al., 2006).
Among the 16 molecularly characterized PcG proteins, it was
found that only Pho, the homolog of the mammalian YY1, had the
zinc ﬁnger DNA-binding motif (Brown et al., 1998). The pho gene
has been found to interact with other PcG proteins and to recruit
PcG proteins in order to form a complex (Poux et al., 2001; Mohd-
Sarip et al., 2002; Wang et al., 2004). However, the genetic studies
showed that pho zygotic mutation caused transformation of ventral
appendages (Girton and Jeon, 1994), but did not exert any effects
on embryogenesis. However, the pho maternal effect mutant
embryos produced from phocv mothers resulted in weak embryonic
cuticle transformation (Breen and Duncan, 1986; Girton and Jeon,
1994; Kwon et al., 2003), while zygotic or maternal effect double
mutants of Pc/+; pho/pho or Pcl/+; pho/pho showed severe homeotic
transformation than pho single zygotic or maternal effect mutants
(Kwon et al., 2003), suggesting that Pho alone cannot be the major
factor in the recruitment of PcG proteins into the complex. Pho has
a redundant protein, Pho-like (Phol), which has four zinc ﬁnger
domains that share 80% sequence identity with the four zinc ﬁnger
Fig. 1. Comparison of the antennal phenotypes of wild type and a pho zygotic mutant.
(A) Overall view of wild type adult antenna. Antennae are divided into 4 segments; a1,
a2, a3 and arista. The individual antennal segments are homologous with the
mesothoracic leg segment and have a unique pattern of bristles. (B) Overall view of
phob/phob adult antenna. The adult antenna of a pho zygotic mutant had leg-speciﬁc
bristles. Each antennal segment had homologous bristles with the mesothoracic leg
segment; a1 had bristles of coxa (D, arrows), a2 had bristles of trochanter and femur (F,
arrowhead), a3 had some bubbles and bristles of femur and the ﬁrst tarsal segment
(data not shown), and arista was transformed to the tarsal segment (F, asterisk).
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studies show that Pho and Pho-like are critical factors in regulating
gene expression by PcG complexes (Brown et al., 2003; Wang et al.,
2004). According to a recent study, Pho constitutes the Pho
Repressive Complex (PhoRC), which has a selective binding activity
to methyl-lysine (Klymenko et al., 2006). On the other hand,
mutations in other PcG genes, such as the Polycomb (Pc) and extra
sex combs (esc) genes, showed strong homeotic transformation,
although neither protein contains the DNA-binding motif.
The antennae and legs have been considered to be homologous
structures by morphology (Postlethwait and Schneiderman, 1971).
Antp functions as a key selector gene responsible for leg develop-
ment. Antp is expressed in the leg disc and determines the leg
structures (Casares and Mann, 1998). Antennae were transformed to
legs when Antp was expressed in the antennal disc using the UAS/
GAL4 system or a gain-of-function mutation (Yao et al., 1999). Leg
identity is speciﬁed by the proximo-distal (P/D) patterning genes,
homothorax (hth) and Distal-less (Dll), which encode homeodomain
proteins and are regulated by ANTP. ANTP in the leg disc inhibits the
overlapping expression of hth and Dll, which leads to leg develop-
ment (Casares and Mann, 1998). In fact, the expression domain of
these P/D patterning genes in both the antennal and leg discs is
restricted by Wingless (Wg) and Decapentaplegic (Dpp), which
determine the dorso-ventral (D/V) axis and are activated by
Hedgehog (Hh) signaling involved in establishing the anterior–
posterior (A/P) axis. A mutation in esc transformed the antennae to
legs and induced the ectopic expression of Antennapedia (Antp) and
Ultrabithorax (Ubx) in the antennal disc (Glicksman and Brower,
1988). In a previous study, we also found that a pho mutation
resulted in the partial transformation of antennae to legs. In
addition, the second and third legs are transformed into the ﬁrst
legs in the pho null mutant (Girton and Jeon, 1994). In this study, we
tried to understand how a pho mutation affects appendage
development by investigating the expression of the selector gene,
Antp, and the P/D patterning genes, hth and Dll. We found that a
pho mutation resulted not only in the ectopic expression of Antp
and engrailed (en) involved in Hh signaling, but also the abnormal
expression of the P/D patterning genes. Moreover, the double
mutants of pho and Posterior sex combs (Psc) or pleiohomeotic-like
(phol), which are both members of PcG, showed more severe mutant
phenotypes than the pho single mutant. Therefore, pho functions as
a negative regulator of Antp, en, and the P/D patterning genes during
ventral appendage development.
Results
pleiohomeotic affects the antennal identity in adults
Wild type antennae are divided into 4 parts; a1, a2, a3 and arista
(Fig. 1A; Postlethwait and Schneiderman, 1971). The ﬁrst antennal
segment (a1) is homologous to coxa (co), the second antennal
segment (a2) is homologous to trochanter (tro), the third antennal
segment is homologous to femur (fe) and the ﬁrst tarsal segments
(ta1), and the arista is homologous to the other tarsal segments
(ta2–5) and claws. In the previous study, we found that pho
mutation caused the partial transformation of the antennae into the
mesothoracic legs (Fig. 1B; Girton and Jeon, 1994). The antennae of a
pho zygotic mutant showed several bristles and segments similar to
those found in the legs. The a1 segment of the pho zygotic mutant
had bristles similar to those of coxa (Fig. 1D, arrows), the a2 segment
was similar to coxa, trochanter and femur (Fig. 1F, arrowhead), the
a3 segment showed similarities to femur and tarsal segment (data
not shown), and the arista was transformed to tarsal segment like a
leg (Fig. 1F, asterisk). These results suggest that a pho mutation
affects the expression of the antennal identity genes during larval
development.pho mutation causes misexpression of the selector genes in the antennal
disc
Antp is expressed in the leg disc and is responsible for
determining the leg structure. Antp expressed in the antennal disc
using the UAS/GAL4 system, which is not normally expressed in the
antennal disc, causes the transformation of antennae into legs. Based
on the ﬁnding that pho mutation caused the transformation of
antennae to legs, we hypothesized that pho mutations may lead to
the ectopic expression of Antp in the antennal disc. Antp was
randomly expressed at low levels in the antennal disc of a pho
mutant (Figs. 2F, O). Since Antp is involved in leg determination by
regulating the expression of hth (Casares and Mann, 1998), we
examined the expression of the P/D patterning genes in the antennal
disc of a phomutant (Fig. 2). ANTP expressed in the antennal disc of a
phomutant resulted in various mutant phenotypes. While ectopically
expressed Antp partially reduced the expression of hth in the medial
domain (Figs. 2D–F, arrowheads), it did not repress the expression of
Dll (Figs. 2J–L) like that of younger disc (Supplementary Fig. 1).
The hth and Dll genes are coexpressed in antennal development
but not in leg development (Postlethwait and Schneiderman, 1971;
Dong et al., 2000, 2001). The hth and Dll genes are expressed at
slightly decreased levels in the presumptive third antennal segment
of the wild type (a3), where dachshund (dac) is expressed (Fig. 3). On
the other hands, in the wild type leg disc, hth, dac and Dll antagonize
one another, which allows them to have their own expression
domains: the proximal, medial and distal domains, respectively
(Dong et al., 2001). However, in the antennal disc of the pho mutant,
dac was more strongly expressed in the part of the presumptive a3
segment (Figs. 3D–F, arrowhead) and was ectopically expressed in
the presumptive a2 segment where the expression of hth was
reduced (Figs. 3J–L). These results suggest that the ectopic expres-
sion of Antp by a pho mutation in the antennal disc may repress hth
in the presumptive a2 and a3, which causes a derepression in dac in
these domains.
Fig. 3. pho mutation affects expression of axis patterning genes in the antennal discs.
(A–C) Hth (green) and Dac (red) expression in the antennal disc of wild type ﬂies. Dac is
expressed in the presumptive a3 (C). (D–F) Hth (green) and Dac (red) expression in the
antennal disc of the pho mutant. Dac showed stronger expression in the pho mutant
than in the wild type in the region of the reduced expression of hth by phomutation (F,
arrowhead). (G–I) DLL (green) and Dac (red) expression in the antennal disc of wild type
ﬂies. (J–L) DLL (green) and Dac (red) expression in the antennal disc of the pho mutant.
dac was ectopically expressed in a small region of the ectopically expressed Dll (L, an
arrow). (M–O) DLL (green) and En (red) expression in the antennal disc of wild type
ﬂies. En is expressed at the posterior compartment of the antennal disc (O). (P–R) DLL
(green) and En (red) expression in the antennal disc of the pho mutant. En expression
was extended to the anterior compartment of the antennal disc of the pho mutant (R).
Fig. 2. pho represses expression of Antp in the antennal disc. (A–C) Hth (green) and
ANTP (red) expression in the antennal disc of wild type ﬂies. Hth is expressed in the
presumptive a1 to a3 (B) but ANTP is not seen in any antennal segments (C). (D–F) Hth
(green) and ANTP (red) expression in the antennal disc of the pho mutant. Antp was
ectopically expressed at a low level in the phomutant. While hthwas coexpressed with
the ectopically expressed ANTP in the presumptive a1 (arrow), it was reduced by the
ectopically expressed ANTP in the partial region of presumptive a2 and a3 (arrow-
heads). (G–I) DLL (green) and ANTP (red) expression in the antennal disc of wild type
ﬂies. DLL was expressed in the presumptive a2 to ar (H). (J–L) DLL (green) and ANTP
(red) expression in the antennal disc of the pho mutant. Dll was ectopically expressed
only in the posterior compartment toward the presumptive a1, regardless of the
ectopically expressed ANTP.
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of the presumptive a1 segment of pho mutant (Figs. 2J–L). We
examined whether a pho mutation induces abnormal Hh or Wg/Dpp
signaling leading to the ectopic expression of Dll. The expression of en
was extended to the anterior compartment of the antennal disc (Fig.
3R), which slightly affected the expression of wg (data not shown),
indicating that a phomutation may affect Hh signaling as well as Wg/
Dpp signaling.
pho interacts with Posterior sex combs (Psc) in antennal formation
Since the increased dosage of PcG mutants causes stronger
mutant phenotypes than each single mutant, we generated double
mutants of pho with Psc, which encoded a component of PRC1
colocalized with Pho to many sites on polytene chromosome (Brown
et al., 2003). The PscArp1 heterozygote has a normal adult structure,
but its homozygote is embryonic-lethal (Martin and Adler, 1993). On
the other hand, the Psc/+ ; phob/phob double mutant was pharate
adult-lethal like the pho single mutant, and it showed greater
variation in antennal phenotypes than the pho single mutant (Fig. 4).
A newly formed arista-like structure was transformed to the tarsal
segment (Figs. 4A, G, H) and a newly formed segment near a3 was
transformed to femur (Figs. 4B, E), resulting in the formation of a
new P/D axis in the distal segment of the antenna. Another variationwas the formation of a leg-like structure in a3 (Figs. 4C, F). The a3
segment of the double mutant generally contained more leg bristles
than the pho single mutant. In addition, some of the antennae were
truncated without aristae and others were transformed to leg
segments (data not shown). These results indicate that the mutation
of Psc enhances pho mutant phenotypes in the antennal region and
produces novel phenotypes as well. We then investigated how the
Psc/+ ; phob/phob double mutant affects the expression of antennal
disc selector genes including the Antp and P/D patterning genes.
Fig. 4. Various antennal phenotypes of the Psc and pho double mutant. (A, D, G) Some antennae formed a new P/D axis in themost distal segment (asterisks) and bristles of the leg. (B,
E, H) Other antennae showed a leg-like segment beside a3 (arrowhead), and a distal segment was transformed to the tarsal segment of the leg. (C, F, I) Other antennae had a new
segment in a3 (asterisk), and a distal segment was transformed to the tarsal segment of the leg. A lot of bubbles were frequently present in a3.
Fig. 5. Psc mutation enhances the ectopic expression of ANTP caused by pho mutation.
(A–C) Hth (green) and ANTP (red) expression in the antennal disc of the Psc and pho
double mutant. Antp was more ectopically expressed in the Psc and pho double mutant
than in the pho single mutant, and Hth was spatially repressed (arrow). Hth expression
was also extended to a more distal region and colocalized with ANTP expression
(arrowhead). (D–F) DLL (green) and ANTP (red) expression in the antennal disc of the
double mutant. The ectopic expression of Dll in the posterior compartment of the pho
single mutant was not enhanced by the Psc and pho double mutation. Dll was not
expressed in the region where Antp was not ectopically expressed (arrowhead).
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antennal development in the background of a Psc heterozygote
Since a pho zygotic mutation resulted in the ectopic expression of
Antp, we ﬁrst examined whether the Pscmutation induced by FRT/FLP
system affects expression of Antp by itself, but Antp expression was
not affected (Supplementary. Fig. 2), which indicates Psc might be
indirectly involved in regulating expression of Antp. Therefore we
investigated whether the Psc mutation in the background of a pho
mutation enhances the ectopic expression of Antp and whether it
shows the same pattern of regulation of hth and Dll expression as
shown in a pho single mutant.
Antp and hth were more ectopically expressed in the antennal
disc of the pho and Psc double mutant (Figs. 5A–C). Antp was more
widely and strongly expressed than that of the pho single mutant,
and hth expression completely disappeared in the some regions
where Antp was expressed (Figs. 5A–C, arrow). In addition, unlike
the pho single mutant, there were regions of hth expression in the
more distal domain where hth was not expressed regardless of the
ectopic Antp expression by the pho and Psc double mutant (Figs.
5A–C, arrowhead).
Dll was also ectopically expressed at a high level in the
presumptive a1 at the posterior compartment as in the pho single
mutant. The expression of en was more extended to the anterior
compartment in the antennal disc of the double mutant than in that of
the pho single mutant (Figs. 6M–O). In addition, the expression of wg
was strongly extended to the anterior–dorsal compartment unlike in
the pho single mutant (data not shown). Interestingly, there was a
region in distal domain where both Dll and Antp were not
simultaneously expressed (Figs. 5D–F). These results suggest that
there may be another factor that is regulated by pho and Psc and
represses the expression of Dll.
In the pho and Psc double mutant, the antennae showed variable
phenotypes including the formation of a new P/D axis (Fig. 4). These
phenotypes may be caused by abnormal expression of the selector
genes involved in the P/D axis formation such as hth, dac and Dll. The
expression of hthwas extended to a more distal region in the antennaldisc of the double mutant (Figs. 5B and 6B, E), which results in the
extension of dac expression to a more distal region (Figs. 6A–F). In
addition, in the presumptive a2 or a3 where hth expression was
repressed by ectopically expressed Antp in the double mutant, dac
was more strongly expressed in its normal expression domain (Figs.
6A–C), while in the presumptive arista, dac expression was extended
depending on the extended expression of hth (Figs. 6D–F). The
extended expression of dac is believed to cause the formation of a new
distal part (Fig. 4; Yao et al., 1999).
Dll showed a different pattern for regulating the expression of dac
with hth in the P/D domain of the double mutant (Figs. 6G–L).
Regardless of Dll ectopic expression in the posterior compartment of
Fig. 6. The double mutant of Psc and pho affects expression of axis patterning genes
and causes a new P/D axis formation. (A–F) Hth (green) and Dac (red) expression in
the antennal disc of the double mutant. Hth was expressed in a more distal domain
and induced Dac expression. dac was expressed (B, asterisks) in a region where Hth
expression disappeared,. Moreover, Dac expression in a2 was not dependent on Hth
(C, F). (G–L) DLL (green) and Dac (red) expression in the antennal disc of the double
mutant. Dac expression caused the formation of a new P/D axis (G–I, arrow) Dac did
not exist in the cells without DLL expression (K, asterisk). (M–O) DLL (green) and En
(red) expression in the antennal disc of the double mutant. En expression was more
widely extended to the anterior compartment of the antennal disc than that of the
pho mutant (O).
125S.-N. Kim et al. / Developmental Biology 319 (2008) 121–129the presumptive a1, dac was ectopically expressed depending on hth
expression and formed a new P/D axis (Fig. 6G). However, in the distal
domain where Dll expression disappeared, dac expression also
disappeared (Fig. 6J), which seems to be due to the activation of dac
by Dll expression in the presumptive a3 (Dong et al., 2001). These
results indicate that pho may interact with Psc to determine the
antennal structures by regulating expression of the Antp and P/D
patterning genes.
pho and Psc also affect the leg development in adults
Legs are another ventral appendage of Drosophila and are
composed of nine segments; from proximal to distal, coxa (co),
trochanter (tro), femur (fe), tibia (ti), tarsal segments 1–5 (ta1–5) and
claws (Fig. 7; Rauskolb, 2001). The prothoracic leg alone in males has
sex combs with an average of 10 bristles on the ﬁrst tarsal segment
(Fig. 7A). The legs are speciﬁed by homeotic genes, such as Sex combreduced (Scr), Antp and Ultrabithorax (Ubx) (Yao et al., 1999). The
presence of few sex comb bristles on the mesothoracic and
metathoracic legs of pho zygotic mutants (Figs. 7D–F, arrows; Girton
and Jeon, 1994), indicated the transformation of the mesothoracic
and metathoracic legs to the prothoracic legs. The claws were
transformed to the sixth tarsal segments, the medial segments of all
of the legs became shorter than normal, and the tibia had a proximal/
distal pattern duplication. Furthermore, the legs of the pho and Psc
double mutant exhibited more severe phenotypes in the P/D axis
formation than those of the pho single mutant (Figs. 7G, H). In one
variation, the joint of the tarsal segment was weaker than in the pho
mutant (Fig. 7G, arrowhead). In addition, leg segments of about 27%
among the presumptive Psc/+ ; phob/phob mutants were fused in the
medial and distal parts (Fig. 7H). As in the pho mutants, the pho and
Psc double mutants also showed ectopic sex comb bristles on the
mesothoracic and metathoracic legs, but the number of bristles did
not increase in comparison to those of the pho single mutant (Fig. 7G,
arrow).
pho affects expression of selector genes involved in leg development, and
Psc enhances such pho mutant phenotypes
Like the antennal disc, the leg disc is also divided into three
regions, the proximal, medial and distal domains, where the P/D
patterning genes, hth, dac and Dll are respectively expressed. Unlike
in the antennal disc, hth, dac and Dll antagonize one another in each
domain of the leg disc (Dong et al., 2001).
In the leg discs of pho mutants, dac was ectopically expressed in
the distal domain, which presents the presumptive tarsal segments
where Dll is normally expressed (Figs. 8D–F). Furthermore Dll was
ectopically expressed in the domain of the presumptive femur and
tibia, which are in the medial domain where dac is normally
expressed. However, hth expression did not change in the leg disc of
the phomutant (Figs. 8M–O). Moreover, as in the antennal disc of the
pho single mutant, en expressionwas slightly extended to the anterior
compartment of the leg disc (Fig. 9F), which affected wg expression
(data not shown).
We found that the mutation of Psc enhances the pho mutant
phenotype during leg development, which included double mutants
with thinner leg joints than those of normal ﬂies or with leg joints
fused in the proximal, medial and distal parts (Figs. 7G, H).
Therefore, we investigated whether Psc mutation also affected the
expression of leg-speciﬁcation genes during leg development in the
double mutant. Dll and dac were more broadly expressed in the
proximal domain of the double mutant (Figs. 8G–I), while hth
expression was reduced (Figs. 8P–R). However, in the distal domain
of the double mutant, dac expression did not increase compared to
that of the pho single mutant. In addition, en expression was more
widely extended to the anterior compartment (Fig. 9I), and wg
expression was extended to the antero-dorsal compartment (data
not shown). These results suggest that pho genetically interacts with
Psc, regulating expression of P/D patterning genes, and maintaining
expression of en during leg formation.
Phol affects identifying antennae and legs by interaction with Pho
In addition, we examined if Pho interacts with Phol in ventral
appendage formation by generating double mutant of phol; pho.
Adults of double mutants showed more severe defects in appendage
formation than those of single mutant (Supplementary Fig. 3). To
understand the molecular feature of the more severe phenotypes by
phol; pho double mutants, we made a phol mutant clone in the pho
mutant background and examined the expression of Antp. While Antp
was not expressed in phol mutant clones of the wild type antennal
discs, it wasmore strongly ectopically expressed in pholmutant clones
of the phomutant antennal discs than in their surrounding pho/+; pho/
Fig. 7. Comparison of the leg phenotype in the wild type, pho single mutant and Psc and pho double mutant. (A–C) Total view of a wild type adult legs. Legs are divided into nine
segments; the coax (co), trochanter (tro), femur (fe), tibia (ti) and tarsal segments 1–5 (ta1–5) from proximal to distal. The prothoracic (A) leg, unlike the mesothoracic (B) and
metathoracic (C) legs, has sex combs in the ﬁrst tarsal segment. (D–F) Total view of the phomutant legs. Mesothoracic (E, arrow) and metathoracic (F, arrow) legs had sex comb-like
bristles, indicating the transformation to the prothoracid leg (D). (G, H) Total view of leg of the double mutant of Psc and pho. They also showed sex comb-like bristles in meso- and
metathoracic legs (G, arrow). Moreover, some legs showed more severe defects of joint structure (G, arrowhead) and fusion of leg segments (H).
126 S.-N. Kim et al. / Developmental Biology 319 (2008) 121–129pho cells (Fig. 10), indicating that Phol regulates the expression of Antp
by interaction with Pho.
Discussion
pho affects determination of antennal and leg identity
Many PcG genes act as zygotic as well as maternal effect genes
during whole Drosophila development, but it is not well known when
and how they function. Pho is known that it works with its redundant
DNA-binding protein, Phol and recruits other PcG complexes by
binding its binding sites on PREs (Fritsch et al., 1999; Brown et al.,
2003; Wang et al., 2004). pho functioning as a maternal effect gene, its
maternal effect mutant embryos show several segment defects and
weak homeotic transformation (Breen and Duncan, 1986; Girton and
Jeon, 1994). pho functioning as a zygotic gene, its zygotic mutant
adults show homeotic transformation of antennae and legs (Girton
and Jeon,1994). In according to these results, we investigated how pho
functions in identiﬁcation of ventral appendage.
pho regulates expression of Antp during antennal and leg development
It has been shown that mutations in a few PcG genes resulted in
the transformation of antennae to legs. Mutation in esc induces the
ectopic expression of Antp and Ubx in the antennal disc, thus
transforming antennae to legs. This indicates that esc represses Antp
and Ubx expression in the antennal disc during antennal develop-
ment (Glicksman and Brower, 1988). So we investigated the
possibility that pho mutation, like esc mutation, would affect the
expression of the selector genes that determine the identity of
antenna or leg. In the wild type antennal disc, Antp is not expressed,
but hth is expressed in almost all cells except for the presumptive
arista, which allows for the development of antenna. However, in the
leg disc, Antp is expressed and restricts hth expression to theproximal cells, which permits leg development (Casares and Mann,
1998).
Antp was ectopically expressed in the antennal disc of the pho
mutant, and its expression subsequently but partially repressed hth
expression in the presumptive a2 or a3. Moreover, in the pho mutant,
dac, which is expressed in the presumptive a3 of wild type antennal
discs, was overexpressed in the presumptive a2 or a3 where hth
expression was reduced. As shown by Casares and Mann (1998),
ectopic expression of ANTP in the presumptive a2 represses hth
expression, which subsequently results in the transformation from
antenna to leg. Ectopic ANTP expression in the presumptive a1
permits expression of hth (Yao et al., 1999). In addition, when dac is
ectopically expressed in a3 using the UAS/GAL4 system, leg-like
bristles are newly formed in a3, indicating transformation of a3 to
femur. However, the antennal disc of pho mutant showed that hth
expression did not completely disappear in all regions of the
presumptive a2 and a3 where Antp was ectopically expressed.
These indicate that a pho single mutation partially affects expression
of Antp, which leads to the incomplete repression of hth. Moreover,
as the increased dosage of PcG mutants causes stronger mutant
phenotypes than each single mutant, double mutation of pho and Psc
strongly affects the expression of Antp, which leads to the complete
repression of hth. Therefore, our results indicate that a pho mutation
results in the ectopic expression of Antp, which directly represses
hth expression in antennal disc and indirectly regulates dac
expression through hth expression, which consequently transforms
antennae to legs.
pho functions in axis formation by regulating expression of antennal and
leg patterning genes
In the wing imaginal disc, Polycomb (Pc) and Suppressor of zeste (Su
(z)) regulate the expression of teashirt (tsh), which speciﬁes the
proximal domain with hth (Zirin and Mann, 2004). The polyhomeotic
Fig. 8. pho and Psc affect expression of P/D patterning genes during leg development.
(A–C) DLL (green) and Dac (red) expression in the leg disc of wild type ﬂies. Dll is
expressed in the distal domain and dac is expressed in the medial domain. (D–F) DLL
(green) and Dac (red) expression in the leg disc of the pho single mutant. Dll was
ectopically expressed in the medial domain and dac in the distal domain. (G–I) DLL
(green) and Dac (red) expression in the leg disc of the double mutant of Psc and pho.
Expression of both genes in the double mutant was similar to those of the pho single
mutation. (J–L) Hth (green) and Dac (red) expression in the leg disc of wild type ﬂies.
Hth is expressed in the proximal domain and dac is expressed in the medial domain.
(M–O) Hth (green) and Dac (red) expression in the leg disc of the pho single mutant.
Unlike Dll, Hth expression was not affected. (P–R) Hth (green) and Dac (red) expression
in the leg disc of the double mutant of Psc and pho. Expression of hth was decreased in
the proximal domain (Q, arrow).
Fig. 9. pho and Psc affect expression of en during the leg development. (A–C) DLL
(green) and En (red) expression in the leg disc of wild type ﬂies. en is expressed in the
posterior compartment (C). (D–F) DLL (green) and En (red) expression in the leg disc of
the pho single mutant. En expressionwas extended to the anterior compartment (F) (G–
I) DLL (green) and En (red) expression in the leg disc of the double mutant of Psc and
pho. En expression was more widely extended to the anterior compartment (I).
Fig. 10. phol also affects the expression of Antp by interaction with pho. (A–C) In the
phol mutant clone of the wild type antennal disc, ectopic expression of ANTP is not
seen (A–C, arrows). (D–F) In the pholmutant clone of the phomutant background, Antp
is more strongly ectopically expressed (D–F, arrowhead) than just in pho mutant cells.
However, some phol mutant clone did not show ectopic expression even in the pho
mutant background (D–F, arrows), which may be due to that pho single mutation did
not cause the ectopic expression of Antp in all antennal disc cells.
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signaling pathway in the wing imaginal disc (Randsholt et al., 2000).
Pc also regulates eye speciﬁcation genes such as tsh and eyeless (ey)
(Janody et al., 2004). PcG genes have recently been found to regulate
organ speciﬁcation genes in addition to homeotic genes, segmentation
genes and cell cycle genes.
Therefore, it was proposed that phomight regulate the expression
of organ speciﬁcation genes for several reasons. First, Dll wasectopically expressed in the proximal region of the posterior
compartment in the antennal disc of the pho mutant. Additionally,
Dll was ectopically expressed in the more proximal region of the leg
disc in the pho mutant, while dac was ectopically expressed in both
the proximal and distal regions. These ectopic expressions did not
antagonize each other in their normal region of expression, and
resulted in duplication of distal tibia (Girton and Jeon, 1994). Finally,
en expression was extended to the anterior compartment of both
the antennal and leg discs of the pho mutant.
According to these reasons we propose as follows; ﬁrst, pho
regulates the expression of Antp in the antennal disc, which in turn
might activate Dll. (Cummins et al. 2003) have shown that Dll is
activated in AntpNS discs, which is similar in younger and older pho
128 S.-N. Kim et al. / Developmental Biology 319 (2008) 121–129discs. Second, pho regulates the expression of en, which affects the
expression of Dll. As a gene determining the A/P axis during
antenna and leg development, en affects expression of wg and dpp,
which determine the D/V axis via Hh signaling (Irvine and Vogt,
1997). Wg and Dpp act as morphogens, restricting the expression
domain of hth, dac and Dll (Reviewed Panganiban, 2000). We
demonstrated that en was misexpressed in the anterior compart-
ment in the antennal and leg discs of the pho mutant, which led to
misexpression of wg in the anterior–dorsal compartment. Although
Moazed and O'Farrell (1992) showed that in the pho zygotic mutant
embryos en was hardly derepressed, our study showed that it was
depressed in the pho zygotic mutant adults, suggesting that pho is
involved in regulation of en expression and indirect regulation of Dll
expression. Finally, pho might directly regulate expression of Dll,
because recent studies using X-ChIP analysis show that PcG proteins
bind PREs of appendage genes including Dll and hth (Mohd-Sarip et
al., 2006; Schwartz et al., 2006; Nekrasov et al., 2007). Hence, pho
may directly or indirectly maintain the expression of Antp and en
and regulates P/D patterning genes during ventral appendage
formation.
pho interacts with Psc and phol during antennal and leg development
Pho and Phol are the only PcG proteins that have a zinc ﬁnger
domain (Brown et al., 1998; Brown et al., 2003). A mutation in pho
results in weaker phenotypes than other PcG mutations despite the
functioning of Pho as a DNA-binding protein. Therefore, Pho may
interact with other corepressors and repress the homeotic selector
genes. In fact, Pho binds to PRE, which is facilitated by GAGA
(Mahmoudi et al., 2003). PRE-bound Pho and Phol directly recruit
PRC2, which leads to the anchoring of PRC1 (Wang et al., 2004). Pho
interacts with PRC1 as well as with the BRM complex (Mohd-Sarip et
al., 2002). Pho has recently been used to construct a novel complex,
called the Pho-repressive complex (PhoRC), which has selective
methyl-lysine-binding activity (Klymenko et al., 2006). It is currently
known that pho interacts with two other PcG genes, Pc and Pcl, in vivo
(Kwon et al., 2003).
Pho binds to approximately 100 sites on the polytene chromo-
some and colocalizes with PSC in about 65% of these binding sites
(Brown et al., 2003). PSC is a component of PRC1 and inhibits
chromatin remodeling (Francis et al., 2001). In the third instar larvae,
PSC is found in the nuclei in all regions of all imaginal discs (Martin
and Adler, 1993). Therefore, it is possible that pho and Psc interact
with each other during the adult structure formation from the
imaginal discs. We found that pho and Psc interacted in ventral
appendage formation. While the Psc heterozygote was normal, it
enhanced the adult mutant phenotypes exhibited by the pho
homozygous mutant. Antp was more widely expressed in the
antennal disc of the double mutant of pho and Psc than in that of
the pho single mutant, while Psc mutant clones induced by FRT/FLP
system showed normal expression of Antp, which indicated that Psc
does not directly act by itself in regulating expression of Antp, but it
certainly interacts with pho.
hth was expressed in the distal region regardless of Antp
expression (Fig. 5C) so that dacwas expressed not only in presumptive
a3 but also in other segments (Fig. 6), which resulted in the formation
of a new P/D axis (Fig. 4; Yao et al., 1999). According to recent study
showing that hthmay have a PRE (Ringrose et al., 2003), these results
suggest that pho and Psc might interact to maintain hth expression
during antennal development. Moreover, Dll expression in the
antennal disc might be repressed by an unknown factor that was
affected by the double mutation of pho and Psc, suggesting that the
factor might be regulated by pho interaction with Psc during antennal
development. In addition, legs of the double mutant had fused
segments and weakly jointed tarsi, which may be because extension
of Hh signal lead to the abnormal expression of the P/D patterninggenes. In sum, pho functions as a regulator of selector genes for the
identiﬁcation of ventral appendages and axis formation by interaction
with Psc during postembryogenesis.
In addition, Pho interacted with Phol in ventral appendage
formation. Adults of double mutants showed more severe defects in
appendage formation than those of single mutant. The stronger
ectopic expression of Antp in the antennal disc of phol; pho double
mutant seems to be one of reasons for severe defects. While Antp
was not expressed in phol mutant clones of the wild type antennal
discs, it was more strongly ectopically expressed in phol mutant
clones of the pho mutant antennal discs than in their surrounding
phol/+; pho/pho cells, indicating that Phol may not regulate the
expression of Antp alone, but it may do that by interaction with Pho,
suggesting that this may lead to recruit PRC1 including PSC to PRE
sites of Antp and other appendage genes. Therefore we have to study
functions of Pho and Phol as key regulators to identify appendages
during postembryogenesis.
Materials and methods
Strains
The phob allele is an amorphic allele and pharate-lethal (Girton and Jeon, 1994).
PscArp1 is embryo-lethal (Martin and Adler, 1993). To generate phol and Psc somatic
mutant clones, we used the following chromosomes: w; phol81A FRT2A/TM3, Ser and
yw; FRT42D Psce24/SM6B, respectively (Beuchle et al., 2001; Brown et al., 2003). yw hs-
ﬂp; hs-nGFP FRT2A/TM6B and yw hs-ﬂp122; FRT42D hs-nGFP were used to drive those
somatic clones. The ﬂies were reared in 20 mm-diameter vials containing a standard
cornmeal/yeast medium seeded with live yeast. The stocks were maintained at 20 °C,
but the experimental ﬂies were reared at 25 °C and the eggs were collected at 25 °C.
PscArp1/CyO was crossed to phob/ciD to generate the Psc ; pho double mutants. PscArp1/+ ;
+/ciD ﬂies from the F1 progeny were crossed to +/CyO ; pho/+. Flies with both the Cy and
ciD phenotypes in the F2 were selected and single-mated to get the PscArp1/CyO ; phob/ciD
double mutant. The ﬁnal stock was conﬁrmed by crossing with the original mutant.
Since the Psc homozygote dies at the embryonic stage, the Psc ; pho double mutant
means Psc/+ ; pho/pho, which are pharate adult-lethal.
Adult cuticle preparation
Eclosed or pharate male adult ﬂies were collected under a low-power dissecting
microscope and were preserved in 70% ethanol. The ﬂies were then boiled in hot 1N
KOH for 5–10 min to remove their inner body parts. The samples were then serially
dehydrated. The head, abdomen and six legs were separated for better observation in
euparal on slide glass. The samples were then coverslipped, dried, and ﬂattened on a
heated slide-warming tray under weights.
Immunostaining of discs
The 3rd instar larvae were collected and ﬁxed for staining. Immunocytochemical
staining was carried out with the mouse anti-ANTP (DSHB), mouse anti-En (4D9;
DSHB), rabbit anti-Hth (AS1924; gifted from A. Salzberg; Kurant et al., 1998), mouse
anti-Dac (mAbdac2–3; DSHB), rabbit anti-DLL (gifted from G. Panganiban; Dong et al.,
2000), and rat anti-DLL (gifted from S. Cohen; Emerald and Cohen, 2004) antibodies,
and rabbit anti-GFP (Molecular probes). The primary signal was ampliﬁed and detected
with Alexa Fluor 488 and 594 conjucated anti-IgG. Whole-mount imaginal discs were
photographed using a Carl Zeiss-LSM510 confocal microscope.
To generate phol and Psc somatic mutant clones, the appreciate ﬂy strains were
crossed : w; phol81A FRT2A/TM3, Ser ﬂies were crossed to yw hs-ﬂp; hs-nGFP FRT2A/
TM6B ﬂies, or yw; FRT42D Psce24/SM6B ﬂies were crossed to yw hs-ﬂp122; FRT42D hs-
nGFP, and their F1 were heat-shocked for 1 h in 37 °C water bath at early third instar
larval stage, rescued for 1 h in 25 °C and allowed to develop to late third instar larval
stage in 25 °C. Larvae were then heat-shocked for 1 h before dissecting (Brown et al.,
2003).
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